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Anaerobic pig manure digestion holds potential to contribute to a bio-based
economy. This work assesses the stability of the thermophilic mono-digestion process.
Thermophilic mono-digestion experiments with (i) fresh liquid pig manure and (ii) the fresh
fecal fraction from source separation by a pig housing construction were conducted
in semi pilot-scale continuous stirred tank reactors. The effect of separation on the
digestion stability was studied by comparing thermophilic mono-digestion of fresh liquid
(unseparated) and fresh source separated pig manure. Influencing factors and inhibitors
were identified during the experiments. An unstable thermophilic mono-digestion process
was observed for fresh liquid pig manure at a digester retention time of 60 days, due to
high levels of ammonia and sulfur-containing components. Thermophilic mono-digestion
of the fresh fecal fraction was more promising in terms of stability, provided enough time
for digestion. In addition, the effect of low temperature (70◦C) thermal pre-treatment of
manure on the digestion stability was investigated. In the case of liquid pig manure,
no improvement in the digestion stability was noted upon thermal pre-treatment. For
the fecal fraction, the stability of the thermophilic mono-digestion process did improve.
Moreover, thermal treatment and subsequent thermophilic mono-digestion of the fresh
fecal fractions from two different farms with a similar pig housing construction suggested
an effect of the (organic) dry matter content on the process stability.
Keywords: anaerobic digestion, thermophilic mono-digestion, fresh pig manure, process stability, semi pilot-scale
digesters, thermal pre-treatment, source separation
INTRODUCTION
Pig production in Flanders, the Northern part of Belgium, has a very high density of animals
per surface area. The more than 5.8 million animals in 2018 accounted for 90% of the total pig
population in Belgium and were divided over approximately 3,750 farms1 Given the actual annual
manure production per pig category in terms of nitrogen (VLM, 2019b) and considering the fixed
composition of liquid manure from these pig categories (VLM, 2019c), the estimated annual mass
of pig manure produced is close to 10 million tons.
Manure can be valorized to energy through the process of anaerobic digestion. Under anaerobic
conditions, organic substrate such as manure is converted to biogas, i.e., a mixture of mainly
1https://statbel.fgov.be/nl/themas/landbouw-visserij/land-en-tuinbouwbedrijven#figures
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carbon dioxide and methane, and digestate by a wide diversity
of micro-organisms (Pavlostathis and Giraldo-Gomez, 1991).
The produced biogas can be burned in a combined heat and
power unit to supply electricity and heat, while digestate can
serve as an organic fertilizer. The World Biogas Association
recently stated that the total agricultural energy demand could be
met by renewable energy generated from only livestock manure
(Jain et al., 2019). Scarlat et al. (2018) estimated the electricity
production potential by digestion of manure from livestock and
poultry in Europe to be close to 58 TWh per year, only taking
into account collectable manure. For the specific case of Belgium,
it was nearly 1.5 TWh.
Despite the high potential for anaerobic manure digestion,
this technology is not yet fully exploited in Flanders, especially
not in the pig sector. If pig manure is digested, it is almost
exclusively in large, centralized installations within the concept
of co-digestion. In addition, the manure is usually not collected
fresh, leading to a reduced biogas potential (de Buisonjé and
Verheijen, 2014). About a decade ago, small-scale, decentralized
digestion on farms was introduced in Flanders (Decorte et al.,
2019). Farm-scale digestion comprises the conversion of on-farm
organic substrate to on-farm energy in a dedicated digestion
reactor, allowing digester-owning farmers to become (partly)
energy self-sufficient (De Dobbelaere et al., 2015). Furthermore,
digestion of fresh manure has potential to reduce the overall
carbon footprint of farms, as was demonstrated for the dairy
sector by Vergote et al. (2019). Note that the term farm-scale
anaerobic digestion applies in this case to digesters treating
<5,000 tons of proprietary organic substrates per year and having
a maximum electrical capacity of 200 kW (De Dobbelaere et al.,
2015).
In 2018, the majority of the 53 active farm-scale digesters in
Flanders were mono-digesters treating dairy manure (Decorte
et al., 2019). Most of these digesters were operated under
mesophilic conditions, i.e., at temperatures ranging from 30
to 40◦C (Parkin and Owen, 1986; van Lier, 1995). However,
thermophilic digestion (>50◦C) poses some advantages, among
which an increased microbial growth rate, and thus an
accelerated energy generation, as well as an enhanced digestibility
(Al Seadi et al., 2008), which is important for substrates such
as manure, mainly consisting of non-readily biodegradable
compounds (Vavilin et al., 1996). Furthermore, despite the large
pig population in Flanders, farm-scale anaerobic digesters only
treating pig manure are rare, due to the challenges that arise not
only during the collection of fresh pig manure but also during the
digestion process itself. Pig manure is rich in nitrogen, thereby
inducing a high risk for ammonia inhibition (Hashimoto, 1983;
Chen et al., 2008). Furthermore, it can contain a lot of sulfuric
components depending on the pig’s feed ration (Chen et al.,
2008; Trabue et al., 2019) and it is sensitive to foam formation
Abbreviations: BMP, Biochemical methane potential; CSTR, Continuous stirred
tank reactor; DM, Dry matter; FOS, Volatile organic acids; HRT, Hydraulic
retention time; LPM, Liquid pig manure; oDM, Organic dry matter; OLR, Organic
loading rate; SPM, Separated pig manure; SRB, Sulfate reducing bacteria; TAC,
Total inorganic carbonates; TAN, Total ammonia nitrogen; TN, Total nitrogen;
VFA, Volatile fatty acids.
(Lindorfer and Demmig, 2016). All these aspects can cause the
digestion process to become unstable, resulting in a low, non-
constant production of methane or even complete termination
of the process. As long as process stability cannot be guaranteed,
investments in this technology will be limited, leaving the
renewable energy potential by pig manure digestion unused.
In Flanders, pig manure is mostly present in liquid form,
with a low dry matter content and a low methane potential in
terms of fresh mass (Møller et al., 2007). Thermal pre-treatment
could enhance methane production by increasing the soluble
organic matter content of the substrate to be digested. Both high
(>100◦C) and low temperature (<100◦C) thermal treatment
prior to anaerobic digestion have already been frequently studied
for wastewater treatment excess sludge, in batch and small-scale
continuous mode, ranging treatment times from several minutes
to multiple days (Wang et al., 1997; Gavala et al., 2003; Valo
et al., 2004; Skiadas et al., 2005; Climent et al., 2007; Appels
et al., 2010). For liquid pig manure, some studies are available
focusing on possible improvement of the methane production
(potential) by thermal pre-treatment (Bonmatí et al., 2001;
González-Fernández et al., 2008; Carrère et al., 2009; Sutaryo
et al., 2014). However, thermal pre-treatment could also have a
(positive) effect on digestion stability, i.e., the continuation of the
anaerobic digestion process under normal conditions, without
sudden changes in gas production or methane content in the gas
due to limiting or inhibitory components (Drosg, 2013). Indeed,
there could be hypothesized that thermal treatment partially
converts foam forming agents and other (inhibitory) components
before digestion, thereby limiting the risk for instability during
digestion. None of the mentioned studies specifically investigated
this hypothesis, while process stability is an essential prerequisite
for the implementation in practice.
Manure can be separated mechanically into a liquid and solid
fraction or by specific animal housing constructions into a fecal
and urine fraction (Hjorth et al., 2010). In Flanders, interest
in separation techniques has recently been growing because of
their possible role in optimizing manure disposal (by mechanical
separation; Vannecke et al., 2018) and in the reduction of
ammonia emissions and odor nuisance (by source separation in
the animal housing; Vermeulen, 2019). Soluble minerals, such as
ammonium nitrogen, mainly accumulate in the liquid or urine
fraction. Most of the organic matter is present in the solid or fecal
fraction, which thus can be useful for digestion (Vannecke et al.,
2018). Due to partial removal of the liquid fraction or urine, the
remaining fraction has amuch highermethane potential and thus
energy content in terms of mass than unseparated pig manure,
if fresh (Asam et al., 2011; Deng et al., 2014). However, the
highermethane potential is only beneficial toward digestion if the
process can be kept stable. Available results from experimental
research on inhibition and stability are contradictory. Sutaryo
et al. (2013) found that raw acidified liquid sow and pig slurry
were inhibited by sulfide during mesophilic digestion, while
this was not the case for the solid fraction obtained through
mechanical separation. In contrast, Møller et al. (2007) obtained a
stable thermophilic digestion process for fresh liquid pig manure
as such and for fresh liquid pig manure partly substituted by its
solid fraction (up to 60% on mass base), though latter process
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was inhibited by ammonia. Other studies on mono-digestion of
(fresh) separated pig manure havemostly been conducted in view
of identifying the influence of thermal pre-treatment on methane
production (Rafique et al., 2010; Raju et al., 2013; Sutaryo et al.,
2014). Available research is mainly focused on the solid fraction
of separated pig manure instead of the fecal fraction resulting
from source separation by a pig housing construction. However,
such construction meets an important condition for valuable
anaerobic digestion: fresh substrate (collection). Furthermore,
due to inconsistency in results from previous research, it is
clear that more studies on mono-digestion of fresh separated
pig manure are required to assess its process stability. Moreover,
the effect of thermal pre-treatment on this stability has not yet
been clarified.
The objective of the current work is to study the stability
of thermophilic mono-digestion of fresh pig manure, using
semi pilot-scale digesters. Both fresh liquid pig manure and
the fresh fecal fraction from source separation by a specific pig
housing construction are digested, thereby assessing the effect
of separation on the process stability. In addition, the effect of
thermal pre-treatment on the digestion stability is investigated.
Low temperature thermal pre-treatment (70◦C) with a short
treatment time (1 h) is studied to ensure high probability for
an economically feasible farm-scale implementation. Influencing
factors and inhibitors are identified during the experiments.
In general, this study aims to gain insight into the conditions
necessary for stable mono-digestion of pig manure in order to
support potential future implementations on pig farms.
MATERIALS AND METHODS
Substrate and Inoculum
Fresh liquid (LPM) and separated pig manure (SPM) were
obtained periodically from different Flemish pig farms. Liquid
pig manure is present on standard pig farms, in the manure pit
below the slatted floor of the animal housing. As this specific
pig housing construction does not allow for collection of fresh
manure, collection took place at a more advanced facility in a
manure pit with separate manure and water channels. The water
channel mainly contains feed residuals, besides some manure.
Such manure pit construction reduces the ammonia emitting
surface and thus limits ammonia emissions. Furthermore, it
enables fresh manure collection, as the channels are connected
to a central pipe and can be flushed (Van Overbeke et al.,
2010). Fresh excreta from the manure and water channels
were collected and mixed proportionally, more specifically 4 to
1 L, to obtain representative fresh LPM for the experiments.
SPM was in this case the fresh fecal fraction collected from a
VeDoWS (Vermeulen Dobbelaere Welfare System) pig housing
construction. Its design, a shallow manure pit with gutters and
a manure scraper below the slatted floor, allows for source
separation, i.e., primary separation of freshly excreted manure
into a fecal and urine fraction2 This specific pig housing
construction is recognized as an ammonia-reducing technique
in Flanders (VLM, 2019a). Note that the substrate choice was
2https://www.vermeulenconstruct.be/nl/stalinrichting/
driven by the current animal housing situation, and thus manure
collection systems, in the Flemish pig sector and was aimed at
enlarging pig manure digestion possibilities.
Manure was collected as fresh as possible (<2 days old)
to avoid any effect of pre-digestion. The collected substrates
were stored at 4◦C prior to the digestion experiments. The
anaerobic digestate used as inoculum was obtained from a
properly running thermophilic reactor in Flanders, co-digesting
mainly organic biological waste and a small fraction of manure
(up to 10% of the total mass fed per year). Inoculum is necessary
to expedite process start-up in the reactors (Liebetrau et al., 2019).
Furthermore, a volume of inoculum (Table 2), which amounted
to 10%of the total reactor volume, was added to the reactor when
a temporary stop of the feeding was not sufficient for recovery
and continuation of the process after instability.
Experimental Set-Up
Experiments were conducted in semi pilot-scale continuous
stirred tank reactors (CSTRs) at the Flemish biogas laboratory
Innolab. Four reactors were used, two in vertical configuration
(CSTR 1 and 2) and two in horizontal configuration (CSTR
3 and 4) (Supplementary Figure A.1). The working volume of
the CSTRs was respectively, 72 and 33 L. Every 10min, the
CSTRs were mixed for 1min by a central shaft, rotating at 20
or 15 rpm depending on the reactor. All CSTRs were operated
under thermophilic conditions (50–52◦C). The reactors were fed
manually once per day and up to seven days per week. Before
feeding, the biogas production was read from a Drum-type gas
meter (Ritter, TG 0.5 model) connected to the reactor. The
gas composition, including the percentage of methane, carbon
dioxide and oxygen in the gas as well as the hydrogen sulfide
content, was measured by a portable gas analyzer (Geotech,
Biogas 5000 model). The specific time and mass of ingoing
manure were recorded at each feeding. Excess digestate was
periodically removed via the overflow. The reactor set-up is
further elaborated in Supplementary Material A.2.
The stability of thermophilic pig manure mono-digestion was
investigated based on three experiments (Table 1). The effect of
low temperature thermal pre-treatment on the digestion stability
was studied in experiment 1 and 2, for LPM from farm A and
SPM from farm B, respectively, by simultaneously digesting raw
and pre-treated substrate. The hydraulic retention time (HRT)
was varied during the experiments with SPM B1. Experiment
3 studied the digestion stability of SPM, from two different
farms (farm B and C) with the same pig housing construction,
after thermal treatment. By comparing the results for LPM
(experiment 1) and SPM (experiment 2 and 3), the possible
influence of separation on the process stability was assessed. The
digestion process was defined as unstable when the relative biogas
or methane production on organic dry matter base (Equation 2)
or the methane content in the biogas suddenly dropped without
fast recovery (Drosg, 2013), or when the biogas production
process (almost) completely stopped despite daily feeding.
A thermal pre-treatment was performed under the hypothesis
that it will partially convert foam forming agents and other
(inhibitory) components before digestion, thereby limiting the
risk for instability during digestion. Low temperature thermal
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TABLE 1 | Overview of the experiments performed to investigate the stability of thermophilic pig manure mono-digestion.
No. Substrate Specification Period* Duration (days) HRT** (days) Reactor Pre-treatment
1 Fresh liquid pig manure from farm A LPM A 1a 23 60 CSTR 1 –
LPM A 1b 25 60 CSTR 1 –
LPM Ap 1a 23 60 CSTR 2 Thermal
LPM Ap 1b 25 60 CSTR 2 Thermal
2 Fresh fecal fraction from farm B SPM B1 2a 55 60 CSTR 3 –
SPM B1 2b 33 45 CSTR 3 –
SPM Bp1 2a 55 60 CSTR 4 Thermal
SPM Bp1 2b 33 45 CSTR 4 Thermal
3 Fresh fecal fraction from farm B and C SPM Bp2 – 72 60 CSTR 3 Thermal
SPM Cp – 72 60 CSTR 4 Thermal
During each experiment, mono-digestion of two different substrates was tested simultaneously. Thermal pre-treatment was performed for 1 h at 70◦C.
*The occurrence of instability or an adaptation of the HRT required division of the experiments with LPM A (experiment 1) and SPM B1 (experiment 2) into subperiods.
**Fixed HRTs were maintained during the subperiods of the experiments. As the manure composition differed (Table 2), the OLR varied between the experiments.
pre-treatment with a short treatment time was studied to increase
the probability for an economically feasible implementation on
farm-scale. Manure was heated in an oven to a temperature
of 70◦C after which it was kept at that temperature for
1 h. At a temperature of 70◦C, denaturation can be induced
(Ichimura, 1991; Ahmed et al., 2007). Moreover, the activity
of part of the thermophilic bacteria population may be
improved by thermal pre-treatment at 70◦C (Climent et al.,
2007). During heating, manure was mixed manually every 20–
30min. Each time, about 15 kg of manure was pre-treated
at once.
An HRT of 100 days was set at the beginning of the
experiments to ensure good start-up and proper adaptation
of the microbiology. The HRT was decreased to 60 days by
increasing the daily ingoing mass of manure. A change in HRT
happened gradually, meaning that the ingoing mass of manure
was daily increased by 10% until the desired HRT was reached.
This approach allowed for steady adaptation of the microbial
community to higher loading rates.
Chemical Analysis
Raw and pre-treated manure samples were analyzed prior to
reactor feeding each time after a pre-treatment was performed,
i.e., up to five times depending on the length of the experiment
and the necessary mass for feeding. A representative digestate
sample was taken every week from each CSTR for analysis.
The substrate and digestate samples were analyzed for dry
matter (DM), i.e., total solids, organic dry matter (oDM), i.e.,
volatile solids, total nitrogen (TN), total ammonia nitrogen
(TAN) and pH. The DM content was determined gravimetrically
after drying at 105◦C for 24 h. The oDM content was measured
based on the dried sample after incineration at 550◦C for 4 h in
a muffle furnace. TN was determined by Kjeldahl destruction,
TAN by steam distillation, after addition of MgO to the sample,
and subsequent titration (Van Ranst et al., 1999). The pH was
measured with a pH-meter (PCD 6500, Eutech Instruments).
Ammonia nitrogen was calculated based on the TAN, pH and
temperature (Equation 4).
Besides, manure samples were analyzed for degradable
carbohydrates, proteins and lipids based on the Weende
analysis (Henneberg and Stohman, 1860). The biogas and
methane potential were determined by the EPi test (Flash
biochemical methane potential test)3 Digestate samples were
additionally analyzed for volatile fatty acids (VFA), including
acetic, propionic, (iso)butyric, (iso)valeric, and caproic acid, by
extraction with diethyl ether and subsequent separation and
detection by the GC-FID. Volatile organic acids (FOS) and total
inorganic carbonates (TAC) were determined by the Nordmann
method (Nordmann, 1977). Viscosity was measured by using the
Brookfield method (ASTM/DIN ISO 2555).
The density of the different substrates was calculated as the
ratio between the mass and the volume of a sample. For LPM
substrates, the density was directly measured with a graduated
cylinder of 0.250 L. For SPM substrates, having a high DM
content, a graduated cylinder (0.100 L) containing demineralized
water was used. The density was determined based on the added
mass of manure and the volume increase due to this addition.
Calculations
The relative methane production CH4,rel (L CH4 kg
−1 manure)
was calculated based on themeasured volume of biogas produced
per day Vbiogas,daily (L biogas d
−1), the measured methane
content in the gas CH4,daily (L CH4 L
−1 biogas) and the mass
of manure daily fed to the digester mfed,daily (kg manure d
−1)
(Equation 1). The relative methane production on oDM base
CH4,rel,oDM (L CH4 kg
−1 oDM)was determined based on CH4,rel,
the DM (kg DM kg−1 manure) and oDM (kg oDM kg−1 DM)
content of the manure (Equation 2).
CH4,rel =
Vbiogas,daily · CH4,daily
mfed,daily
(1)
CH4,rel,oDM =
CH4,rel
DM · oDM
(2)
3http://www.innolab.be/nl/productendetail/methaanpotentieel-biogaspotentieel-
sneltest
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TABLE 2 | Average chemical composition of the substrates, being fresh liquid pig manure (LPM) and the fresh fecal fraction from source separation by a specific pig
housing construction (SPM), and the inoculum used for the thermophilic mono-digestion experiments.
Experiment 1 Experiment 2 Experiment 3
Parameter Unit LPM
A
LPM
Ap
SPM
B1
SPM
Bp1
SPM
Bp2
SPM
Cp
Inoculum
DM %; 10−2 kg DM
kg−1
9.3 9.1 26 26 25 21 7.4
oDM %DM; 10−2 kg
oDM kg−1 DM
77 76 87 87 87 83 58
Composition
- Carbohydrates kg ton−1 28 26 64 90 68 40 –
- Proteins kg ton−1 15 14 51 51 48 36 –
- Lipids kg ton−1 7.6 7.8 22 21 22 25 –
BMP m3 CH4 ton
−1 24 23 67 75 66 53 –
BMPoDM 10
3 m3 CH4
ton−1 oDM
0.34 0.33 0.30 0.33 0.31 0.29 –
pH – 7.5 8.4 6.2 6.1 6.3 7.1 8.6
TAN g N kg−1 5.1 5.3 3.8 3.9 4.0 3.5 3.6
TN g N kg−1 7.6 7.7 12 12 12 9.3 6.0
The relative efficiency αrel (%) indicates how much the methane
production obtained during the experiments deviates from
the biochemical methane potential of the substrate. It was
calculated based on CH4,rel,oDM and the analyzed biochemical
methane potential on oDM base BMPoDM (L CH4 kg
−1 oDM)
(Equation 3).
αrel =
CH4,rel,oDM
BMPoDM
· 100 (3)
The ammonia nitrogen concentrationNH3-N (gN kg
−1 manure)
was calculated based on the measured TAN concentration (g N
kg−1 manure), which is the sum of ionized ammonium nitrogen
(NH+4 ) and unionized ammonia nitrogen (NH3), the prevailing
digester temperature T (K) and the measured pH (–) (Equation
4; Hansen et al., 1998).
NH3 −N =
TAN
1+ 10(0.09018 +
2729.92
T ) − pH
(4)
The organic loading rate (OLR) (kg oDMm−3 d−1) indicates how
much organic matter enters the reactor per unit of time. This
parameter thus gives an idea about possible overloading of the
system. The OLR was calculated based on Equation 5 with V the
working volume of the CSTR (m3).
OLR =
mfed,daily · DM · oDM
V
(5)
RESULTS AND DISCUSSION
Both fresh liquid pig manure and the fresh fecal fraction
from source separation by a specific pig housing construction
were mono-digested under thermophilic conditions. The average
chemical composition of the used substrates and inoculum was
analyzed and discussed. The stability of raw substrate mono-
digestion was determined and described as such, as well as
the effect of a thermal pre-treatment and of separation on the
digestion stability. Based on the acquired insights, suggestions
were given toward further research, focusing on the possible
implementation in practice.
Characterization of Substrates
Table 2 shows the average chemical composition of the used
substrates and inoculum. The average density of all substrates was
close to 1 kg L−1. In general, the measured parameter values of
the substrates were in line with typical values from literature.
LPM is generally characterized by a DM content below 10%
and an oDM content ranging from 65 to 85% (Møller et al., 2004;
Al Seadi et al., 2008; Coppens, 2009; Deublein and Steinhauser,
2009; Verdoes, 2013; Sommer et al., 2015). The DM content of
separated manure depends on the technique used for separation
(Hjorth et al., 2010). For the fecal fraction from the pig housing
construction considered in this study, the DM content typically
varies between 22 and 32%, depending on the feed ration and the
season (Vermeulen, 2019). Variability in the DM content is thus
common, as was the case for the used source SPM with values
ranging from 21 (for SPM C) to 26% (for SPM B) (Table 2 and
Supplementary Table A.1). Similar DM contents can be reached
with mechanical separators, such as a screw press or decanter,
depending on themachine settings and the addition of coagulants
and flocculants (Verdoes, 2013; Vannecke et al., 2018). The oDM
content of SPM commonly ranges between 75 and 90% (Deublein
and Steinhauser, 2009; Sommer et al., 2015). The DM content of
SPM was higher than that of LPM due to removal of part of the
urine. Because of the difference in DM and oDM content between
LPM and SPM (Table 2) and since fixed HRTs were maintained
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TABLE 3 | (Average of) the measured values of the gas production and composition parameters obtained during the thermophilic mono-digestion experiments with fresh
liquid pig manure (LPM) and the fresh fecal fraction from source separation by a specific pig housing construction (SPM), excluding the values before complete process
failure.
Exp. Substrate Period HRT (days) Duration
(days)
CH4,rel,oDM (L
CH4 kg
−1 oDM)
CH4% (%) αrel (%) H2S
m (ppm)
1 LPM A 1a 60 23 359 61–67 113 3,500
1bs 60 25 225 50–70 63 4,400
LPM Ap 1a 60 23 363 63–69 112 2,900
1b 60 25 258 53–70 77 4,000
2 SPM B1 2a 60 55 259 56–67 89 1,700
2b 45 33 58 35–60 19 2,100
SPM Bp1 2a 60 55 234 56–66 74 1,700
2b 45 33 124 50–62 38 2,200
3 SPM Bp2 – 60 72 226 59–66 74 1,100
SPM Cp – 60 72 280 58–66 95 900
Data obtained during the acclimation period at an HRT of 100 days were not included in the table. The duration of the experiments and HRT were specified.
sAddition of a new volume of inoculum (10% of the reactor volume) before the start of this period to allow for process recovery and continuation of the experiment after process instability.
mMaximum value measured during the experimental period.
TABLE 4 | Measured values of the digestate parameters obtained during the thermophilic mono-digestion experiments with fresh liquid pig manure (LPM) and the fresh
fecal fraction from source separation by a specific pig housing construction (SPM), excluding the values before complete process failure.
Exp. Substrate Period pH* (-) TAN* (g N
kg−1)
NH3-N* (g NH3-N
kg−1)
FOS/TAC (mg
mg−1)
VFAm (mg
kg−1)
1 LPM A 1a 8.4 3.4 1.5 0.11–0.33 500
1bs 8.5 4.1 2.1 0.22–0.36 5,000
LPM Ap 1a 8.3 3.8 1.3 0.11–0.30 1,900
1b 8.5 4.3 2.2 0.22–0.37 3,800
2 SPM B1 2a 8.3 5.4 2.2 0.15–0.40 5,800
2b 8.1 6.3 1.8 0.39–0.84 17,400
SPM Bp1 2a 8.4 5.3 2.3 0.22–0.41 6,600
2b 8.3 6.2 2.2 0.38–0.77 12,500
3 SPM Bp2 - 8.3 6.0 2.2 0.22–0.63 9,000
SPM Cp - 8.4 5.2 2.2 0.17–0.46 4,400
Data obtained during the acclimation period at an HRT of 100 days were not included in the table.
sAddition of a new volume of inoculum (10% of the reactor volume) before the start of this period to allow for process recovery and continuation of the experiment after process instability.
*Value reached at the end of the period.
mMaximum value measured during the experimental period.
in the reactors during the subperiods (Table 1), the OLR varied
during the experiments.
The protein and lipid content were in line with values
proposed by Møller et al. (2004) for LPM. The proposed
carbohydrate content was almost double the value in this study
as besides degradable also non-degradable carbohydrates were
included. The lipid content was significantly higher than the
values found by Matulaitis et al. (2015) for fresh LPM and the
solid fraction of SPM, which amounted to respectively 3.5 and
0.5 kg lipids per ton, probably due to dissimilarities in the pig’s
feed ration and the separation technique. Manure composition in
terms of carbohydrates, proteins and lipids is directly related to
the methane potential (Weinrich, 2019). For LPM, the methane
potential typically ranges from 150 to 480 m3 per ton of oDM
(Al Seadi et al., 2008; Deublein and Steinhauser, 2009; Matulaitis
et al., 2015), given a methane content of 60% (Al Seadi et al.,
2008). Values for SPM on oDM base are comparable to those
for LPM (Deublein and Steinhauser, 2009; Matulaitis et al., 2015;
Vermeulen, 2019). However, the methane potential and thus
energy content in terms of mass is much higher for SPM due
to (partial) removal of the urine, containing a limited amount of
organic matter (Vannecke et al., 2018) and therefore having a low
methane potential (Asam et al., 2011; Deng et al., 2014).
Pig manure in general has a high nitrogen content, as it is a
protein-rich substrate (Chen et al., 2008; Sommer et al., 2013).
In this case, 30 to 40% of the degradable fraction was related to
proteins. The TAN and TN content of LPM commonly vary from
3.2 to 6.3 g N kg−1 and 6.3 to 9.9 g N kg−1, respectively (Coppens,
2009; de Haan et al., 2013; Verdoes, 2013; Sommer et al., 2015).
For SPM, these values range from 2.7 to 6.0 g N kg−1 and 7.4 to
12.0 g N kg−1, respectively (de Haan et al., 2013; Sommer et al.,
2015; Vermeulen, 2019). The TN content is in general higher for
mechanically SPM since the mass separation efficiency is higher
than the nitrogen separation efficiency from raw manure to the
solid fraction (Smets et al., 2018). The TAN content is slightly
lower for SPM as soluble minerals rather accumulate in the liquid
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than in the solid fraction (Vannecke et al., 2018). The same trends
were found when comparing the values of the LPM and the
source SPM used in this study. The pH of the SPM was slightly
more acidic than expected, the pH of the LPM was mostly close
to neutral (Sommer et al., 2015).
Thermal pre-treatment of LPM (A vs. Ap) did not change
the manure composition, taking into account a mass loss of
1–2%. No significant increase in methane potential was thus
induced, which contrasts with most results for substrates treated
at higher temperatures or longer contact times (Wang et al.,
1997; Bonmatí et al., 2001; González-Fernández et al., 2008).
The obtained results were however in line with research on
low temperature thermal pre-treatment such as the work of
Appels et al. (2010), in which no significant solubilization of
carbohydrates and proteins was detected after thermal treatment
of sludge from a waste water treatment plant during 1 h at 70◦C.
Thermal pre-treatment of SPM did have an effect on the manure
composition, though the effect was variable depending on the
used manure. The protein and lipid content remained rather
constant after thermal treatment. The change in carbohydrate
content differed among the investigated samples (Table 2
and Supplementary Table A.1). The difference in composition
between SPM Bp1 and SPM Bp2 could be attributed to the
difficulty for homogeneous and representative sampling, due to
the high DM content, as the composition of the not pre-treated
substrates was comparable.
Stability of Raw Substrate Digestion
Fresh Liquid Pig Manure
Digestion of LPM from farm A (experiment 1) yielded an
average methane production of 359 L CH4 kg
−1 oDM during
period 1a (Table 3). Methane production was higher than the
analyzed methane potential of the substrate (Table 2), shown
by an average relative efficiency exceeding 100% (Figure 1A
and Table 3). This high percentage is due to the residual
methane potential of the inoculum, with which the reactors
were completely filled at the beginning of the experiments.
The methane content remained relatively constant during the
digestion period (Supplementary Figure B.1). However, after an
operational period of about 1/2 of the HRT, it suddenly dropped
from 66 to 55%. Likewise, the biogas production decreased by
33% (Supplementary Figure B.1), resulting in a drop in relative
efficiency (Figure 1A). The sudden change in methane content
and biogas production is a consequence of digester instability
(Drosg, 2013). During period 1b, on average 225 L CH4 kg
−1
oDMwas produced, which equals to an average relative efficiency
of 63% (Figure 1A and Table 3). After an operational period of
about 1/3 of the HRT, instability occurred again, characterized by
a drop in methane content from 61 to 46% over a few days and a
37% decreased biogas production (Supplementary Figure B.1).
The concentration of TAN and ammonia were high with
values of respectively, 3.4 g N kg−1 and 1.5 g NH3-N kg
−1 at
the end of period 1a (Table 4 and Supplementary Figure B.1).
During the experimental period, the levels increased by 30–55%
due to mineralization of organic nitrogen and preservation of a
rather constant pH (Equation 4). Angelidaki and Ahring (1994)
stated that for thermophilic digestion of manure inhibition may
happen at an ammonia concentration exceeding 0.7 g NH3-
N kg−1. Hansen et al. (1998) found values of 1.1 g NH3-N
kg−1 for thermophilic pig manure digestion. Rajagopal et al.
(2013) summarized that digestion instability can be the result
of TAN concentrations ranging from 1.5 to 7.0 g N kg−1. The
experimental values mostly exceeded the maximum values stated
in literature, suggesting the occurrence of inhibition or even
intoxication. However, ammonia inhibition and intoxication
remain case-specific as they depend on pH, temperature, ionic
strength, type of micro-organisms and their adaptation (Chen
et al., 2008). At the end of period 1b, the concentration of TAN
and ammonia were even higher with values of respectively 4.1 g N
kg−1 and 2.1 g NH3-N kg
−1 (Table 4), resulting in more process
inhibition and thus lowermethane production values and relative
efficiencies than during period 1a (Figure 1A).
H2S concentrations up to 3,500 ppmwere measured in the gas
during period 1a (Table 3 and Supplementary Figure B.1). An
increasing H2S concentration in the gas indicates the presence
of sulfur-containing components in the liquid (manure). Sulfate
reducing bacteria (SRB) compete with other micro-organisms
for substrate to form sulfides (Deublein and Steinhauser, 2009;
Chen et al., 2014). With methanogens, they compete for H2
and acetic acid, thereby hindering methane production (Shah
et al., 2014). Moreover, sulfides in the liquid, resulting from
SRB activity, will at some point become inhibitory or even
toxic for both methanogens and SRB (Chen et al., 2014). The
inhibitory or toxic effect depends on the prevailing pH and
temperature (Koster et al., 1986) as well as on the microbial
adaptation (Chen et al., 2008). Not long after values of 1,500–
2,000 ppm were reached, methane production started to decrease
gradually until the point of failure (Supplementary Figure B.1).
Both competition and high sulfide concentrations in the liquid
presumably contributed to sudden process instability. In period
1b, H2S concentrations of more than 4,000 ppm were detected
in the gas (Table 3). The concentration varied strongly over time
(Supplementary Figure B.1). Variation of H2S concentration in
the biogas can take place due to unexplainable reasons (Deublein
and Steinhauser, 2009). Nonetheless, a sudden decrease in
concentration could have been caused by the occurrence
of some microaeration during the measurements, inducing
biochemical oxidation of sulfide to elemental sulfur (Krayzelova
et al., 2015). H2S values were higher during period 1b and
thus contributed to the reduced methane production and
relative efficiency (Table 3), as was the case for ammonia.
Nevertheless, the microbial community seemed to be slightly
adapted to these inhibitors, by being subjected to gradually
increasing concentrations during period 1a, as the digestion
process was not disrupted immediately after exceeding high
inhibitor values.
The total VFA concentration during period 1a (Table 4)
was low to normal compared to the suggested values for
proper digestion by Wiese and König (2007), ranging from
500 to 3,000mg kg−1. The acid production and consumption
were thus in balance, indicating that the instability was
not caused by overloading the system. This observation was
confirmed by a FOS/TAC ratio lower than 0.4 (Table 4) which
shows that the buffer capacity (TAC) was high compared
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FIGURE 1 | Relative efficiency αrel, defined as the ratio between the methane production obtained during the thermophilic mono-digestion experiments and the
biochemical methane potential, on oDM base. (A) represents experiment 1 with the (not) pre-treated fresh liquid pig manure from farm A (LPM A and LPM Ap),
digested at an HRT of 60 days (in period 1a and 1b), (B) experiment 2 with the (not) pre-treated fresh fecal fraction from source separation by a specific pig housing
construction on farm B (SPM B1 and SPM Bp1), digested at an HRT of 60 (period 2a) and 45 days (period 2b) and (C) experiment 3 with the pre-treated fresh fecal
fractions from source separation by a similar pig housing construction on farm B and C (SPM Bp2 and SPM Cp), digested at an HRT of 60 days. Data obtained during
the acclimation period at an HRT of 100 days were not included in the figures.
to the FOS content (Wiese and König, 2007; Drosg, 2013).
Immediately after instability, the VFA concentration, and more
specifically the acetic acid concentration, increased rapidly
indicating a disturbed digestion process. Due to (extreme)
inhibition and intoxication, methanogenic activity can decrease,
leading to an accumulation in VFAs (Parkin and Owen, 1986;
Angelidaki and Ahring, 1994). At the beginning of period
1b, the microbiology had to cope with the restart of the
feeding after instability, leading to somewhat higher VFA
concentrations. However, after a while normal values were again
reached (Supplementary Figure B.1). In contrast to period 1a,
a constantly higher propionic acid concentration, sometimes
exceeding the acetic acid concentration, was observed. Propionic
acid accumulation can occur due to inhibition of propionate
degrading acetogens by high ammonia concentrations (Calli
et al., 2005). Furthermore, conversion of propionic acid is not
thermodynamically favorable anymore at a hydrogen partial
pressure exceeding values of 10−4 bar (McCarty and Smith,
1986). Such values can be induced by imbalance in the
syntrophic relation between hydrogen-producing acetogens and
hydrogen-consuming methanogens, due to inhibition of the
latter (Parkin and Owen, 1986; Deublein and Steinhauser,
2009).
Fresh Separated Pig Manure
An average methane production of 259 L CH4 kg
−1 oDM and a
relative efficiency of 89% were obtained during digestion of SPM
from farm B (experiment 2) in period 2a (Table 3 and Figure 1B).
Note that at the beginning of this period, a temporary stop of the
feeding was necessary due to a temperature problem in one of the
reactors. This stop was applied to both CSTR 3 and 4 to preserve a
correct basis for comparison. After restarting the feeding process,
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the methane content was rather constant with values ranging
from 56 to 64% (Supplementary Figure B.3). At the end of
period 2a, the digester was completely run through with manure.
A steady state should thus be reached if operation is maintained
under the same conditions. Supplementary Figure B.3 shows
indeed that methane production decreased gradually tending to
go to one value, namely 160 L CH4 kg
−1 oDM. This value was
only 53% of the methane potential (Table 2), thus indicating
process inhibition. The TAN and ammonia concentration were
high with values up to 5.4 g N kg−1 and 2.2 g NH3-N kg
−1,
respectively, at the end of period 2a and mainly caused this
inhibition. H2S concentrations in the gas remained within an
acceptable range (<1,700 ppm). The OLR reached values up to
4 g oDM L−1 d−1 (Supplementary Figure B.3), which should
still be manageable for a microbiology adapted to thermophilic
conditions according to Liu et al. (2017).
Despite some inhibition during period 2a, there were no
specific signs of instability when assessing the change in methane
content and individual VFA concentrations. The methanogenic
community seemed to work properly as was demonstrated
by the relatively constant methane content and both the
rather low acetic acid (<1,000mg kg−1) and butyric acid
concentrations (<20mg kg−1) at the end of period 2a. However,
propionic acid accumulated to values up to 3,700mg kg−1
(Supplementary Figure B.3). Propionic acid will more likely
accumulate at higher DM contents, even though no inhibition
due to ammonia or sulfur-containing components takes place,
because the hydrogen partial pressure will increase due to the
higher resistance to H2-release (Corijn, 2017). The low acetic
acid concentration and methane production could thus be the
result of less propionic acid conversion. Despite the high VFA
concentration, acidification did not occur, shown by the rather
constant pH (Supplementary Figure B.3). This phenomenon is
common for digestion of nitrogen-rich substrates such as pig
manure, since ammonia serves as a strong buffer (Angelidaki and
Ahring, 1994; Garcia and Angenent, 2009).
Around the moment of transition from an HRT of 60
days (period 2a) to an HRT of 45 days (period 2b), methane
production values and relative efficiencies started to deviate
from the steadily decreasing trend, suggesting some process
instability (Figure 1B and Supplementary Figure B.3). Due to
the set-up of the experiments, it was however not possible
to identify with certainty whether instability occurred at the
end of period 2a, during digestion at an HRT of 60 days,
or at the start of period 2b, when the shift was made to an
HRT of 45 days. During period 2b, digestion only yielded an
averagemethane production of 58 L CH4 kg
−1 oDM. The average
relative efficiency was 19% (Figure 1B andTable 3). Themethane
content started to decrease once an HRT of 45 days was reached
(Supplementary Figure B.3). The increase in OLR up to 5.3 g
oDM L−1 d−1 caused overloading of the system, inducing an
increase in VFAs. Overloading was confirmed by the FOS/TAC
ratio reaching values up to 0.84 (Table 4). The increase in VFAs
resulted in acidification, shown by the decrease in pH from the
start of period 2b (Supplementary Figure B.3). Methanogenic
activity became inhibited by this low pH, demonstrated by
the fast increase in acetic acid and butyric acid concentration
(Supplementary Figure B.3), leading to even more acidification
and ultimately extreme process disturbance. Although during
period 2b the digestion process was mainly affected by a pH
decrease, ammonia (< 2.2 g NH3-N kg
−1) (Table 4) and H2S
(<2,100 ppm) (Table 3) also (in)directly contributed.
Effect of Thermal Pre-Treatment
Fresh Liquid Pig Manure
Figure 1A demonstrates that the same trend in relative efficiency
was obtained for LPM A and LPM Ap over the two periods
(experiment 1). This could be expected, as the composition
of the not pre-treated and pre-treated manure was similar
(Table 2). Instability occurred at the same moments (Figure 1A
and Supplementary Figures B.1, B.2), more specifically after an
operational period of 1/3–1/2 of the HRT. During period 2b,
a slightly higher relative efficiency was obtained for the pre-
treated sample (Table 3 and Figure 1A). The change in ammonia
and H2S concentration over time was comparable for LPM A
and LPM Ap (Supplementary Figures B.1, B.2). For LPM Ap,
TAN and ammonia concentrations up to 4.3 g N kg−1 and 2.2 g
NH3-N kg
−1 (Table 4), respectively, and H2S concentrations
close to 4,000 ppm (Table 3) were reached, both suggesting the
occurrence of inhibition. After instability at the end of period
2a, a temporary stop of the feeding was sufficient for recovery of
the microbiology digesting LPM Ap, while for the case of LPM A
addition of inoculum was necessary.
Methane production values and relative efficiencies obtained
for LPM Ap were similar to somewhat higher than those for
LPM A (Figure 1A). This observation was in agreement with
the results found by Appels et al. (2010), who investigated the
influence of thermal pre-treatment at for example 70◦C on
mesophilic anaerobic digestion of sludge from a waste water
treatment plant. Via batch anaerobic tests, Bonmatí et al. (2001)
examined the effect of thermal pre-treatment at 80◦C for 3 h
on mesophilic digestion of pig slurry with a low (1.3 g N kg−1)
and high (3.7 g N kg−1) TAN concentration. In the case of a
low TAN concentration, methane production values were 45%
higher upon thermal pre-treatment. Pre-treatment of pig slurry
with a high TAN concentration showed to have a negative effect
onmethane production as ammonia inhibition occurred. Carrère
et al. (2009) thermally pre-treated liquid pig manure at 70◦C for
3 h, resulting in an increase in methane potential of the soluble
fraction up to 70%. At 20 h of pre-treatment instead of 3 h,
a 10% increase in methane production was found by Sutaryo
et al. (2014) after 11 days of mesophilic digestion. However,
the methane potential of the total fraction did not increase in
both studies. González-Fernández et al. (2008) obtained a 35%
increase in methane production after pre-treatment of pig slurry
at 170◦C for 30min. It is clear that the possible increase in
methane production by thermal treatment prior to digestion
depends on the treatment duration, the applied temperature and
the nitrogen content of the substrate. The aim of this study was to
improve the process stability by thermal pre-treatment, and not
necessarily the methane production. Nonetheless, the performed
thermal pre-treatment did not succeed in advancing the LPM
digestion stability.
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Fresh Separated Pig Manure
Methane production values and relative efficiencies of SPM
Bp1 digestion at an HRT of 60 days (experiment 2, period
2a) were similar to those of SPM B1 (Figure 1B and
Supplementary Figures B.3, B.4). This is in agreement with the
results of Rafique et al. (2010) who did not find an increase
in methane production after thermally pre-treating the solid
fraction of pig manure for 1 h at 70◦C. According to Sutaryo et al.
(2014), prolonging this pre-treatment time to 20 h results in an
11% increased methane production after 11 days of mesophilic
digestion. Raju et al. (2013) achieved a 29% increase after 27
days of mesophilic digestion by thermal pre-treatment for 15min
at 200◦C. Nonetheless, the observed values in the experiment
with thermal pre-treatment decreased more steadily with less
variation (Figure 1B and Supplementary Figures B.3, B.4). The
steady state value was lower than the methane potential (Table 2)
due to propionic acid accumulation and inhibition mainly by
ammonia (<2.3 g NH3-N kg
−1) (Table 4), as was also the
case for SPM B1. Some foam was formed during digestion
of SPM B1, however not to such extent that it affected the
process. Almost no foam was observed when digesting SPM Bp1.
Furthermore, values of 4,100 and 930 mPa s were obtained for
the digestate viscosity of SPM B1 and SPM Bp1, respectively,
implying that digestate becomes less viscous when SPM is
thermally pre-treated.
The digestion process with SPM Bp1 was relatively stable
and close to the steady state value during the first 2 weeks of
period 2b, after transition to an HRT of 45 days and a short
adaptation period (Figure 1B and Supplementary Figure B.4).
The methane content remained rather constant up to 3 weeks.
The buffer capacity was sufficient to cope with the increasing
amount of VFAs, reaching values up to 12.5 g kg−1. However,
due to the need for such a high buffer capacity, ammonia
concentrations remained high (Table 4) leading to further
inhibition. In general, a more stable digestion process was
observed upon thermal pre-treatment, as this may have induced
the higher resistance to inhibiting factors, such as ammonia and
sulfur-containing components.
Although there are signs that instability only occurred
multiple days after the transition to an HRT of 45 days,
some uncertainty remains as the HRT was adapted not long
after the reactor was completely run through with SPM Bp1.
To elucidate the effect of the HRT, an additional experiment
(experiment 3) was conducted in which pre-treated SPM from
farm B (SPM Bp2) was again digested at an HRT of 60 days,
however over a longer time period. Parallel to this, the pre-
treated SPM from another farm with a similar pig housing
construction (SPM Cp) was digested. Experiment 3 only focused
on pre-treated SPM, as this induced the most promising results
in experiment 2.
An average methane production of 226 and 280 L CH4 kg
−1
oDM was obtained during digestion of SPM Bp2 and SPM
Cp, respectively (Table 3). The average relative efficiency was
respectively, 74 and 95% (Figure 1C and Table 3). The former
was equal to the value obtained during experiment 2 withmanure
from the same farm. The lowest methane production values
were mostly reached after a non-feeding period of a few days
(e.g., weekend). The methane content remained rather constant
(Supplementary Figures B.5, B.6).
In general, a gradually decreasing methane production and
relative efficiency, with the tendency to go to one value, were
observed for both SPM Bp2 and SPM Cp until about one HRT
(Figure 1C and Supplementary Figures B.5, B.6). In the case of
SPM Cp, a steady-state value of 220 L CH4 kg
−1 oDM or 40 L
CH4 kg
−1 manure (Supplementary Figure B.6) was ultimately
reached, indicating a relatively stable digestion of SPM Cp. If
the obtained value would be the actual methane production in
a farm-scale digester, assuming that the transfer of this fresh
manure to the digester is technically feasible, about 17 kWe
could be generated given a daily feeding amount of 5 tons, a
conversion factor of 10 kWh m−3 methane (Banks, 2009) and an
electrical efficiency of 21%. In this experiment, the steady-state
value corresponded to a relative efficiency of 75% (Figure 1C),
indicating some inhibition. High ammonia levels (>2 g NH3-N
kg−1) (Table 4) were the predominant cause of this inhibition.
The H2S content in the gas stayed below 900 ppm (Table 3). In
the case of SPM Bp2, the methane production decreased further
without reaching a clear steady-state value. Ammonia and H2S
levels were slightly higher during digestion of SPM Bp2 as well
as the OLR, reaching values of 3.6 instead of 3.0 g oDM L−1 d−1
(Supplementary Figures B.5, B.6). The higher OLR caused some
overloading of the reactor, shown by a FOS/TAC ratio of 0.63 at
the end of the experimental period (Table 4).
VFAs accumulated strongly, especially during digestion of
SPM Bp2 (Table 4). Propionic acid concentrations were higher
compared to the other measured VFAs due to the high
DM content of manure (Supplementary Figures B.5, B.6). The
pH decrease by the end of the experiment with SPM Bp2
demonstrated the occurrence of acidification due to VFA
accumulation. No significant pH decrease was detected for SPM
Cp. Viscosity measurements showed that the digestate resulting
from digestion of SPM Cp was less viscous, 550 instead of 1,550
mPa s, thus leading to better H2-release and less propionic acid
accumulation. In general, almost no foam was detected during
digestion of both pre-treated substrates.
Effect of Separation
Figure 2 shows the effect of DM content, H2S concentration in
the gas and ammonia concentration on the methane production
during LPM and SPM digestion. The average values were
derived from the experiments performed at an HRT of 60 days.
Additional values observed after recovery and continuation of
the digestion process with (pre-treated) LPM A (experiment 1)
and SPM B1 (experiment 2) were included, however were not
previously described as they did not provide new perspectives on
the digestion stability. Methane production on oDMbase by SPM
digestion, including results for not pre-treated and pre-treated
substrates, was on average 42% higher than by LPM digestion
(Figure 2A). Conversion to mass base showed that methane
production by SPM digestion was on average over three times
higher, indicating the effect of partial removal of the low energy
liquid fraction (Asam et al., 2011; Deng et al., 2014), which was in
this case mainly urine.
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FIGURE 2 | The effect of (A) average DM content (%), (B) H2S concentration in the gas (ppm) and (C) ammonia concentration (g NH3-N kg
−1) on the average
methane production obtained during thermophilic digestion of (not) pre-treated fresh liquid pig manure (LPM) and of the (not) pre-treated fresh fecal fraction from
source separation by a specific pig housing construction (SPM), at an HRT of 60 days. Note that the OLR varied between the experiments. The figure did not include
period 1a for LPM A and LPM Ap (experiment 1) due to the effect of the inoculum. The results of all other experimental periods at an HRT of 60 days were shown,
including some values observed after continuation of the experiments with (pre-treated) LPM A and SPM B1, which were not specifically mentioned in the main article.
The digestion process proved to be more stable for separated
substrates. This is in accordance with previous research which
reported (extreme) inhibition and/or instability when the liquid
fraction of manure was still present during digestion and when
initial TAN and sulfide concentrations were high (Hashimoto,
1983, 1986; Sutaryo et al., 2013). In contrast, Møller et al. (2007)
achieved a stable process when liquid pig manure, with or
without being partly substituted by its solid fraction (up to 60%
on mass base), was digested. In general, the methane production
decreased when the concentration of ammonia or H2S in the
gas increased (Figure 2). The lower H2S concentrations in the
gas when digesting SPM instead of LPM (Figure 2B) were in
line with the statement of Deublein and Steinhauser (2009), that
the H2S content will be higher when digesting liquid substrates,
and indicated the occurrence of less sulfide inhibition during
SPM digestion. The ammonia concentration was in general
only slightly lower for SPM than LPM substrates (Figure 2C).
These findings suggest that the main cause of instability was the
excess of sulfur-containing components. High concentrations of
ammonia seem to have resulted in inhibition, but not necessarily
in instability.
For the case of SPM, the digestion stability seemed to be
affected by the (organic) DM content. The most stable digestion
process was observed for the thermally pre-treated fecal fraction
from farm C, having a DM content of 21% (experiment 3). At
DM contents up to 26%, some instability occurred (experiment
2 and 3). In general, a higher OLR and more propionic acid
accumulation during digestion were induced for substrates
with a higher (organic) DM content and resulted in lower
methane production values (Supplementary Figures B.3, B.6).
The (organic) DM content of separated manure is directly related
to the extent of separation, andmore specifically to the remaining
fraction of urine in the manure. Besides the (organic) DM
content, farm-specific properties could also have contributed to
a change in digestion stability.
Perspectives
Liquid Pig Manure Digestion
The experiment with LPM showed that stable thermophilic
mono-digestion will be a challenge as inhibition and intoxication
by ammonia and sulfur-containing components is facilitated. In
the case of mono-digestion, some strategies to reduce ammonia
inhibition during digestion are controlling the pH or temperature
(Rajagopal et al., 2013), as at lower values, less ammonia is formed
(Equation 4). Tackling sulfur issues is not only related to process
stability but also to avoiding corrosion of equipment, such as the
combustion engine and piping (Wellinger and Lindberg, 2005).
In practice, H2S is often dealt with, during or after digestion,
through biological desulfurization by air (microaeration) or
oxygen dosing, through adsorption on activated carbon or
through precipitation by addition of iron salts (Wellinger and
Lindberg, 2005; Deublein and Steinhauser, 2009).
Research on substrate pre-treatment aimed at (partial)
removal of nitrogen and sulfur-containing components is
limited. In the case of sulfur, it could however eliminate
undesirable side effects of (partial) removal techniques, which are
applied during or after the digestion process. Side effects may be:
process disturbance by too much air or oxygen dosing, damage
of the equipment by insufficient replacement of the activated
carbon or formation of impregnable phosphate components
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after digestate fertilization. Ammonia could be removed prior
to digestion by means of a stripping and scrubbing process
(Ghyselbrecht et al., 2018; Bijnagte, 2019) or through gas-
permeable membranes (Filho et al., 2018). At this moment, such
techniques still come at a high cost. In view of future farm-
scale implementations, attention should be given to low-cost
inhibitor removal techniques prior to digestion. Besides, the
single and combined effect of (partial) removal or avoidance of
these inhibitors on the digestion stability as well as the necessary
extent of inhibitor removal needs further elaboration.
This study focused on mono-digestion because of its link to
decentralized digestion on farms. Pig farmers often have no other
agricultural by-products for digestion apart from pig manure.
Besides, Flemish legislation does not promote co-digestion of
manure and agro-residues at this moment, as the resulting
digestate is completely categorized as animal manure, while
part originates from agro-residues (Vlaamse Overheid, 2019).
However, co-digestion of pig manure with carbon-rich agro-
residues could increase the C:N ratio of the digested substrate,
thereby lowering the risk for ammonia inhibition (Rajagopal
et al., 2013). Co-digestion of pig manure, whether or not
combined with a sulfur removal process, could thus possibly
induce a (more) stable LPM digestion. However, research should
be conducted on which and how much co-substrates should be
added in proportion to manure.
In this study, instability of LPM digestion occurred after
specific operational periods. Regular addition of inoculum or a
regular stop of the feeding could ensure preservation of an active
microbiology that can cope with inhibiting and limiting factors
under the investigated conditions. In practice, the application
of this approach will be difficult, due to the related economic
losses and additional work load. Adaptation of the microbiology
to its inhibitors can be a solution to some extent (Deublein
and Steinhauser, 2009; Chen et al., 2014). However, practical
implementation of microbial adaptation before digestion should
be evaluated.
Separated Pig Manure Digestion
The experiments with SPM demonstrated the potential for
stable thermophilic mono-digestion at an HRT of 60 days.
The most stable digestion process was observed for the
thermally pre-treated fecal fraction with a DM content of
21%. At higher DM contents, some instability occurred due
to an increase in OLR and propionic acid accumulation,
suggesting an effect of the (organic) DM content on the
digestion stability. Further research, focusing on the 15 to
25% DM range, could explore whether an optimal (organic)
DM content for stable thermophilic digestion of SPM with
a high nitrogen content exists. Based on the outcome of
this research, the required extent of separation can be
determined, thereby evaluating if it can be accomplished by
both source separation by an animal housing construction and
mechanical separation.
Thermal Pre-Treatment
A thermal pre-treatment for 1 h at 70◦C was chosen to keep the
total thermal demand of decentralized digestion on farms as low
as possible, although increased treatment times or temperatures
could improve methane production (Wang et al., 1997; Valo
et al., 2004; Appels et al., 2010; Rafique et al., 2010; Raju et al.,
2013; Sutaryo et al., 2014). Moreover, from practical point of
view, a thermal treatment for 1 h at 70◦C ensures pasteurization
of manure, i.e., the destruction of harmful bacteria and germs
(FAVV, 2017), making export possible (European Commission,
2009).
Heat is not only necessary for thermal pre-treatment but
also to keep the manure in the digester on temperature (De
Dobbelaere et al., 2015; Paterson, 2015). The heat demand will
be higher for LPM due to its higher water content (Asam et al.,
2011). In this study, the water content of LPM was over 90% of
the total mass, for SPM this was up to 79% (Table 2). Excess heat
from the combined heat and power unit could be used to perform
the thermal pre-treatment. The degree of excess depends on the
heat demand of the farm and the digester implementation, and
is also directly related to the prevailing outside air temperature.
The heat requirement of a well-insulated digester is expected to
be low, because heated substrate will be fed daily. Due to the
lower water content of SPM, less heat will probably be necessary
to cover the demand for pre-treatment and digester, thus making
implementation more feasible.
Furthermore, thermal pre-treatment positively affected the
digestion stability of the investigated SPM, especially at lower
HRTs. Additional experiments are needed, simultaneous to the
suggested ones for the determination of an optimal (organic)
DM content, to discover whether thermal pre-treatment is always
necessary for process stability in that DM range.
Operational Restrictions
The use of fresh pig manure is essential in view of maximizing
methane formation and thus renewable energy production
through anaerobic digestion. de Buisonjé and Verheijen (2014)
found that the biogas potential of liquid pig manure reduces
by more than 30% after pre-storage for 1 month. The current
standard pig farms, consisting of a manure pit below the slatted
floor of the animal housing, do not allow for collection of
fresh pig manure. The fecal fraction, resulting from source
separation by a specific pig housing construction with manure
scrapers, can be collected freshly. Nonetheless, under the current
conditions, investments in such pig housing constructions will
probably remain limited in Flanders, especially if no stable
digestion process can be guaranteed, as long as end-of-pipe
techniques (such as air scrubbers) are sufficient for reduction
of ammonia emissions and no additional standards are imposed
on greenhouse gas emission reduction. Both fresh pig manure
collection and stable digestion are thus crucial toward practical
implementation and require further investigation.
Besides fresh pig manure collection, attention should be
given to the transfer of manure from animal housings to the
digester. If digestion takes place in a CSTR, keeping the manure
pumpable is recommended to limit costs. No problems in terms
of pumpability are expected with liquid pig manure. However,
the investigated fecal fractions (SPM B and C), which proved
to be more promising in terms of digestion stability, had a
DM content up to 26%, suggesting that transfer through piping
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will be difficult. In the context of practical implementation, this
manure-specific property will thus have to be taken into account.
The HRT maintained in the digester is directly related to the
digester volume. If long HRTs are required, a larger digester
can be implemented. Due to the digester volume increase, the
OLR will decrease if the daily feeding amount remains constant
(Equation 5). However, a larger digester will induce higher
investment costs. Promising results in terms of stability were
obtained during the digestion experiments with SPM at an HRT
of 60 days. At an HRT of 45 days, methane production values
were low. In practice, the HRT of farm-scale mesophilic digesters
is recommended to be 30 days (De Dobbelaere and Verleden,
2018). HRTs of thermophilic digesters are expected to be even
lower (Al Seadi et al., 2008). In view of cost reduction, achieving
stable digestion at lower HRTs seems necessary. Nonetheless, the
HRT should be kept high enough, so that the residual methane
potential of digestate remains limited (Vergote et al., 2019).
Moreover, this study focused on thermophilic digestion of
pig manure. Under thermophilic conditions, the growth rate
of the microbiology will increase. Furthermore, the digestibility
is enhanced (Al Seadi et al., 2008), which is important for
substrates such as manure, mainly consisting of non-readily
biodegradable compounds (Vavilin et al., 1996). However, at
thermophilic temperatures, the risk for inhibition may be higher
than at mesophilic temperatures, if no substrate pre-treatment
takes place or under other specific conditions (Al Seadi et al.,
2008; Chen et al., 2014). A techno-economic assessment would
be valuable to find the most optimal farm-scale implementation
taking into account digestion of pig manure at these two
temperature regimes.
CONCLUSIONS
No stable thermophilic mono-digestion of fresh liquid pig
manure was observed at an HRT of 60 days, due to too high
concentrations of ammonia and sulfur-containing components.
Thermophilic mono-digestion of the fresh fecal fraction from
source separation by a specific pig housing construction was
more stable, if allowed sufficient time for digestion. The H2S
concentration in the gas was much lower when mono-digesting
the fecal fraction instead of liquid pig manure, suggesting the
excess of sulfur-containing components to be the main driver for
instability. The stability of the digestion process with the fecal
fraction further improved by thermal pre-treatment at 70◦C for
1 h, though seemed to be affected by the (organic) dry matter
content. No improvement was noted for liquid pig manure.
In general, (source) separation, possibly followed by a
thermal pre-treatment, appeared to be a promising strategy
in view of thermophilic pig manure mono-digestion, since it
improved the process stability and increased the energy content
on mass base. However, toward practical implementation,
further elaboration or research is required on the extent of
separation, the necessity for thermal pre-treatment and its
techno-economic evaluation, (partial) inhibitor removal prior
to digestion, fresh manure collection, and manure transfer to
the digester.
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